Abstract Stratigraphic relations. detailed petrography. rnicrotherrnornetry of fluid inclusions, and fine-scale iso topic analysis of diagenetic phases indicate a complex thermal history in Tithonian fluvial sandstones and lacus trine limestones of the Tera Group (North Spain). Two different thermal events have been recognized and char acterized. which are likely associated with hydrothermal events that affected the Cameros Basin during the rnid Cretaceous and the Eocene. Multiple stages of quartz cementation were identified using sealU1ing electron microscope cathodolurninescence on sandstones and frac ture fills. Primary fluid inclusions reveal homogenization temperatures (Th) from 195 to 350°C in the quartz cements of extensional fracture fillings. The high variability of Th data in each particular fluid inclusion assemblage is related to natural reequilibration of the fluid inclusions, probably due to Cretaceous hydrothermal metamorphism. Some secondary fluid inclusion assemblages show very consis tent data (Th = 281-305°C) and are considered not to have 
Introduction
Without significant fluid flow. the spatial and temporal distribution of diagenetic and low-grade metaruorphic alteration in siliciclastic sequences is thought to be pre dictable on the basis of burial depth history. thermal regime. and composition (eg. Bj �rlykke 1998; Morad et a1. 2000) . Relatively few studies. however. have exaruined the influence of significant flow of hydrothermal fluids on sandstone diagenesis and low-grade metamorphism (e.g., Rossi et a1. 2002; Ochoa et a1. 2007) . In these hydrothermal systems, sandstone alteration departs from the predicted diagenetic model because of transport of heat, solvent, and solute. Research on hydrothermal alteration of carbonate strata, in contrast, has received significant attention in recent years, resulting in the focus of an entire issue of a scientific journal and many other publications (e.g. Davies and Smith 2006) . Discriminating hydrothermal from other regimes of diagenetic alteration is a key component in much of the recent literature on this subject (e.g. Machel and Lonnee 2002; Esteban and Taberner 2003; Hiemstra and Goldstein 2005; Davies and Smith 2006; Goldstein in press) .
This study contributes to bringing siliclastic diagenesis and low-grade metamorphic studies up-to-speed by pro viding an example of a hydrothermally affected siliciclastic sequence. In doing so, it develops approaches for identi fying where hydrothermal alteration in silicic1astics has occurred, and elucidates novel techniques to document hydrothermal alteration, involving cathodolurninescence petrography, fluid inclusions, and other geothermometers.
Detecting, dating, and determining the origin of multiple thermal events in sandstones subjected to diagenesis and low-grade metamorphism are challenging, due to the scarcity of applicable geothermometers, geobarometers, dating techniques, and problems with resetting during alteration (De Caritat et a1. 1993; Peacor 1995, 1997) . This commonly results in the oversimplified inter pretations of thermal history. Systems subjected to hydro thermal alteration are particularly difficult to work with, as they may have experienced multiple short-lived pulses of fluid flow, each driven by different geologic mechanisms (e.g. Coveney et a1. 2000) . In this study, the integration of scanning electron microscope cathodolurninescence (SEM-CL) with fluid inclusion microthermometry (e.g. Goldstein and Rossi 2002) and other published work on timing has proven useful in reconstructing timing and origin of multiple hydrothermal events. For this, we study host rock and fracture fillings of Upper Jurassic sandstone of the Cameros Basin in Spain. Although it is understood that many of the fluid inclusions in low-grade metamorphic systems suffer from reequilibration, making straightfor ward interpretation of data difficult (e.g. Turgarinov and Vernadsky 1970; Lacazette 1990; Goldstein and Reynolds 199 4) , in this study, most of the fluid inclusion assem blages show signs of having been only partially reequili brated. Thus, they still prove useful in interpreting thermal history thanks to a detailed petrographic analysis including SEM-CL on quartz cements. This study provides a model for how multiple hydrothermal events can be discriminated in sandstones.
The Cameros Basin represents one of the Mesozoic Iberian Basins and the only one that shows metamorphism in the Iberian Range (e.g. Mas et a1. 2002 Mas et a1. , 2003 . More specifically, the metamorphism affected a large proportion of the deposits of the Eastern Cameros Basin (e.g. Casquet et a1. 1992; Mantilla-Figueroa et a1. 2002) . The basin infill is composed of a thick sequence of continental sedimentary rocks, generated lll1der an extensional regime characterized by high rates of subsidence, from the Tithonian to the Early Albian. This research is focussed on Tithonian strata of the Tera Group, a thick succession deposited in the eastern sector of the Cameros Basin during its first rifting stage ( Figs. 1 and 2) .
Early on dynamo-thermal metamorphism was consid ered to have occurred during the infilling of the Cameros Basin (Guiraud and Seguret 1985; Golberg et a1. 1988) . This model of burial metamorphism is still maintained by other authors (Casas-Sainz, Simon-Gomez 1992; Mata et a1. 2001; Del Rio et a1. 2009 ). These studies are based on an interpretation of the basin structure as a synclinal basin. In contrast, the thermal evolution of the eastern sector of the basin has been studied using radiometric dating (K-Ar), mineral assemblages, crystal chemical parameters of phyllosilicates, chlorite thermometry, and isotopic thermometry of sulfide deposits. These studies recognized a thermal event (Casquet et a1. 1992; Alonso Azcarate et a1. 1995; Barrenechea et a1. 1995 Barrenechea et a1. , 2000 Mantilla-Figueroa et a1. 1998; Alonso-Azcarate et a1. 1999; Mas et a1. 2003) , which was characterized as low to very low-grade hydrothermal metamorphism (Late Albian-Coniacian).
Our study is focused on fluid inclusion microthermo metric data from quartz in extensional fracture fillings in the Tera Group, which are the likely focus zones for hydrothermal fluids (San Felices section, SAN), and quartz overgrowth cements in areas away from the these zones (El Espino section, ESP). The filled fractures are observable in the field (SAN) and have been interpreted to form during the extensional stage of basin formation (Guiraud and Seguret 1985; Mantilla-Figueroa 1999; Mata et a1. 2001) . The principal aims of this paper are as follows: (1) to compare the thermal histories of fracture fillings and host rocks in a basin affected by a low-grade metamorphism taking in consideration both diagenetic and hydrothermal processes, (2) to characterize the water-rock interaction in hydrothermal systems, and (3) to develop approaches to discriminate between different low-grade metamorphic processes in sedimentary basins.
Geological and stratigraphic setting

Basin formation
The Cameros Basin in the northern Iberian Range (Fig. 1) forms part of the Mesozoic Iberian Rift System (Mas et a1. 1993; Guimera et a1. 1995; Salas et a1. 2001; Mas et a1. 2002) . Intraplate rifling was a consequence of a generalized extensional regime, which separated Iberia from Europe. The subsidence and sedimentation rates in the Cameros Basin were very high, with vertical thicknesses up to 6 km and up to 9 km of stratigraphic record in the direction of the northward migration of depositional sequences recor ded from the Tithonian to the early Albian. The basin has been interpreted as a hanging wall sync1inal basin (exten sional-ramp basin) formed over a roughly south-dipping ramp between two nearly horizontal sections (flats) in a deep extensional fault inside the Variscan Basement. The northern flat is 7 km depth and the southern flat 11 km depth (Guimerit et a1. 1995) . The direction of displacement for the hanging wall was S-SW, parallel to the direction of the basin extension (Mas et a1. 1993 (Mas et a1. , 2002 (Mas et a1. , 2003 Guimerit et a1. 1995 Guimerit et a1. , 2004 . Alternatively, Guiraud and Seguret (1985) , Casas-Sainz and Gil-lrnaz (1998), Mata et a1. (2001 ), Villalain et a1. (2003 and Casas-Sainz et a1. (2009 ) interpreted the Cameros Basin as a sync1inal basin, with vertical superposition of Lower Cretaceous sedimentary units rather than laterally juxtaposed bodies overlapping the prerift sequence. These authors consider a thrust fault to the north as a result of tectonic inversion of a normal fault generated at the beginning of the Cretaceous, which reached the Keuper facies in depth. This hypothesis has a mechanical flaw that makes it unlikely (Mas et a1. 1993 , Guiraud and Seguret (1985) would require a slab of Jurassic rocks, only 500-800 m thick but more than 30 km wide and 100 km long, to be pulled from the South without suffering any break in continuity and without forming a fault over the ramp near the northern basin margin. This would have had to occur lll1der subaerial conditions because of the continental nature of the rocks that filled the basin. Their model would require, an even more unlikely, later reverse displacement of tens of krns to the North, still somehow maintaining the continuity of the marine Jurassic substrate after the Cenozoic contraction.
Basin infill
The basin record essentially consists of continental sedi mentary rocks corresponding to alluvial and lacustrine systems, with rare marine incursions (Mas et al. 1993; G6mez-Fernandez and Melendez 1994) . The sedimentary infill of the Cameros Basin has been divided into eight depositional sequences (Mas et a1. 2002 (Mas et a1. , 2003 (Fig. 2) . The Tera Group represents the first stage of ritting sedimentation and is formed by two depositional sequences (DS 1 and DS 2, Fig. 2 ), which are Tithonian in age (Mas et a1. 199 3, 2004;  CAMEROS BASIN w 000 00 00 00 0 o AElEJA�Fm Martin-Closas and Alonso-Millan 1998). DS 1 is represented by silicic1astic fluvial fan fades and lacllstrine-palustrine carbonate facies. The thickness of DS 1 is highly variable, with maximum thickness of 255 m. DS 2 is thick, up to 1,500 rn in the depocenter, and consists of siliciclastic fluvial facies, which grade upwards and laterally to carbonate lacustrine fades. As in other rifted basins (Evans 1990; Garzanti et a1. 2001 Garzanti et a1. , 2003 , petrofacies indicate the erosion of prerift sedimentary substratum at the beginning of the ritting, followed by erosion of the basement in later stages (Arribas et a1. 2003; Gonzalez-Acebron et a1. 2007) , defining a provenance cycle (Arribas et a1. 2007 ). The sandstones in SAN section show a quartzofeldspathic framework com position (means: Qm 83 F 1 SLt2 and Qm 8 SK"P6), with a dominance of plutonic rock fragments (Rg) over sedimen tary (Rs) and metamorphic rock fragments (Rm) (mean: Rg 3 7 Rs 3 5Rrn2 8 , Gonzalez-Acebron et a1. 2010). The porosity reduction of the sandstones occurred mainly by cornpaction (lCOMPACT = 0.90; Lundergard 1992) . Mean framework sandstone composition of the ESP section is Qm S oI' l "Lt., and 
Metamorphic processes and studied sections
During the Late Albian to Coniacian, hydrothermal alter ation affected the deposits of the eastern sector of the Cameros Basin (Casquet et a1. 1992; Barrenechea et a1. 1995; Alonso-Azcarate et a1. 1995 , 1999 Mantilla Figueroa et a1. 1998 . The main features of this thermal alteration are as follows: (l) metamorphic grade is controlled by changes in rock composition and perme ability rather than by burial depth (Alonso-Azcarate et a1. 1995; Barrenechea et a1. 1995 Barrenechea et a1. , 2000 Barrenechea et a1. , 2001 ; (2) thermal inversions across sections in the depocenter, for example in a single strati graphic section Valanginian-Barremian deposits of the Urbion Group exhibit a higher metamorphic grade than the Tithonian and Berriasian deposits of Tera and Oncala older groups (Mantilla-Figueroa et a1. 1998 Barrenechea et a1. 2001) ; (3) postrift age of alteration (Late Albian to Coniacian, 107 ± 5 to 85 ± 6 Ma with K-Ar on authigenic illites), after the maximum burial stage, reached during the Early Albian (Casquet et a1. 1992) ; and (4) metamorphic conditions from very low grade (anchizone) to low grade (epizone), with temperatures of 350-370°C at the metamorphic peak and maximum pressure of 1 kbar (Casquet et a1. 1992; Barrenechea et a1. 1995) . Lines of evidence 1 and 2 point to a hydrothermal process rather than the regional metamorphic model suggested by Guiraud and Seguret (1985) , Casas-Sainz and Gil-Irnaz (1998), and Mata et a1. (2001) . Figure 1 shows the location of the studied strati graphic sections: SAN and ESP. The Tera Group was buried to 5,900 m from the Tithonian to Lower Paleogene at the first section (SAN). In the second section (ESP), the maximum burial depth for the same strati graphic interval was prob ably 4,950 m (Gonzalez-Acebron 2009 ). Both burial depths are based on partial restored cross sections from Guimera et a1. (1995) and Mas et a1. (2003) .
The SAN section is located in the metamorphic area of El Pegado anticline (see B in Fig. 1 ). Illite crystallinity data in this section are between 0.23° and 0.30° 1\.28 (Gonzalez Acebron 2009). Using the anchizone boundaries proposed by Kiibler (1967, 0.42° and 0.25°) , these values correspond The ESP section is located outside of the zone of metamorphism (Fig. 1) . The illite crystallinity data recor ded in this section (0.47°-D.48° 1\.28, Gonzalez-Acebron 2009 ) are typical of diagenetic conditions.
Methods
Samples were collected systematically from two represen tative stratigraphic sections of the Tera Group (SAN and ESP, Fig. 1 ), trying to represent the vertical variation of the host-rock sandstones (40 samples) and the variety of dif ferent minerals observed in the field in the fracture fillings (20 samples of fracture fillings; quartz, calcite, chlorite, and pyrite) to establish the paragenesis for host rock and for potential conduits for hydrothermal fluid flow. Doubly pol ished thick sections were prepared for the samples without any heating and glued to frosted glass with cyanoacrilate. After optical petrographic analysis of the sections, selected areas of 5 of them were cut and removed from the glass using acetone. The rnicrotherrnornetric study was performed on these portions of samples in a Linkam THMSG-600 heating and freezing stage. The stage was calibrated with synthetic fluid inclusions, including triple point of CO2, melting point of H20, and critical point of H20. Melting point of H20 standards shows that the accuracy for low-temperature measurements is better than ±O.l QC. Critical point standards show that accuracy for high-temperature measurements is better than ± 1.0°C. Homogenization temperatures (Th) have been interpreted as minimum entrapment temperatures. In this case, no pressure corrections were applied because a pressure determination would involve too many error-prone assumptions without an independently obtained value of pressure. The interpretation of Th as minimum entrapment temperatures is a typical procedure in working with Th data (Goldstein and Reynolds 1994; Goldstein in press) . To interpret salinity, a NaCI-H20 model was used on the basis of the observed first melting temperatures from fluid inclu sions (Bodnar 1993) .
Microthermometric and petrographic data were gathered on fluid inclusions in quartz and carbonate fracture fillings from SAN. From ESP, a microthermometric study on quartz overgrowths in sandstones was done. Due to the small size of the quartz overgrowths, this sort of study on quartz cements was not carried out in SAN sandstones. Four selected samples were mounted using aluminum stubs covered by carbon adhesive tape for SEM-CL. Subse quently, they were coated with carbon. Finally, they were studied under CL using a Gatan PanaCL photomultiplier based CL detector installed on a Leo 1550 SEM. The operating conditions were 12-rnrn focal distance, 20-kV voltage, and 60-[lm aperture.
A second group of 9 epoxy-mounted 100-[lm-thick sections was prepared for stable isotope study on carbon ate-bearing fracture fills from SAN. These sections were etched and stained using Alizarin Red S and potassium ferricyanide for carbonate identification (Lindholm and Finkelman 1972) after the CL study. Samples were taken using a microdrill and analyzed for p 3 C and b 1 S O. All sample powders were roasted in vacuum for one hour at 200°C to remove volatile organic contaminants and after ward reacted at 73°C in an automated carbonate reaction system (Kie1-ill ) coupled directly to the inlet of a Finnigan :MAT 253 gas ratio mass spectrometer. Isotopic ratios were collected for 1 7 0 contribution and are reported in per mil notation relative to the VPDB standard. Values were cali brated using NBS 19 as the primary standard. The precision of the analysis is 0.10/00 for both Oxygen and Carbon. Friedrnann and O'Neil (1977) 
Host-rock composition and diagenesis
The host rock of fracture fillings in the SAN section is composed of sandstone (subarkose and orthoquarzite) and lutite, with limestone and marl in the upper part. The diagenesis of the sandstone host rock includes different processes and cements, which have occluded the original porosity. This includes chemical compaction and stylolite formation (Fig. 3) . SAN host rock contains pyrite crystals and chlorite nodules, producing a mottled texture and a greenish coloration. Related lacustrine and palustrine limestones are made up of mudstone to wackestone with ostracods and characea. Gypsum pseudomorphs in lime stones occur near the top of the section. Lutites and marls are mainly composed of quartz, calcite, plagioclase, illite, and chlorite.
ESP section is composed of sandstones (subarkose) and minor conglomerates, with limestones and mad in the upper part. Limestones are also mudstones with ostracods and characea. In the sandstones, at least three different generations of syntaxial quartz overgrowth were identified with SEM-CL, showing primary fluid inclusion assem blages (PIAs) with first melting temperatures near -28°C. Clathrates have not been detected.
(1) Bright luminescent overgrowth is the earliest phase and precipitated with relict fibrous texture (1 in Fig. 4c) . A primary PIA is identified on the basis of the distribution of the overgrowth, which is consistent with the distribution along the CL bands. The PIA has Th of 114-l20°C and Tm ice between -10.6 and -10.3°C. (2) Non-luminescent syntaxial overgrowth is the second growth phase and contains primary fluid inclusions with distribution consistent with the CL bands (2 in Fig. 4c and d) . A consistent PIA shows Th of 122-l28°C and Tm ice of -12.3/-l1.6°C. (3) Banded luminescent quartz cement fills microfrac tures in the earlier overgrowth (3 in Fig. 4d ). First stages have primary fluid inclusions with Th that vary between 127 and 128°C, followed by later fracture fillings with Th that reach 141°C (Tm ice of -7.8°C) ( Table 5 of electronic supplementary material).
Fracture cements
Filled fractures appear in the SAN area and are typically subperpendicular to the stratification and 1 to 50 cm wide (Fig. 5a ). They pinch out or reduce their width in incom petent layers, such as lutites and marls. Main minerals present in these fractures are quartz, ferroan and non-ferroan calcite, chlorite, and pyrite. Rarely, apatite crystals can be observed in thin section. A common sequence of the fracture fillings was deter mined using conventional microscopy, CL, and SEM-CL petrography, together with the petrographic and microth ermometric study of fluid inclusions (Fig. 6): (1) Quartz 1 IQ1) cement postdates s!ylolites of the Tera Group sandstones (Fig. 5b) . Ql is homogeneous under (2) Saddle carbonate (SCar) postdates Ql ( Fig. 5c and d) and exhibits a characteristic saddle habit with curved crystal faces and cleavage and sweeping extinction in cross-polarized light, as described by Radke and Matthis (1980) and Spiit! and Pitrnan (1998) . This non-ferroan calcite contains abundant solid inclusions or intergrowths of iron oxides and hydroxides, mainly concentrated along the cleavage planes.
Two different saddle carbonate phases can be distin guished. The earlier one (SCarl) is richer in iron oxide and hydroxide solid inclusions than the later one (SCar2), indicating two compositional zones: SCarl. Non-ferroan calcite, which is non-luminescent in CL, and SCar2. Non ferroan calcite, which is bright luminescent in CL. In pla ces, SCar 1 totally have filled small voids and SCar2 only appears in the largest voids (>1 mm) where enough space was available for its precipitation. Both non-ferroan cal cites contain abundant all-liquid fluid inclusions of variable sizes (2-16 [lll l ). Stable isotopic compositions in both have very similar b13C values between -7.8 and -6.6 (0/00 V-PDB) and b l 8 0 values between -9.0 and -8.1 (0/00 V-PDB) in non-luminescent calcite and b13C between -7.4 and -6.6 (0/00 V-PDB) and b1SO between -9.0 and -8.6 (0/00 V-PDB) in the brightly luminescent calcite ( (Fig. 7) .
Stable isotopes have values between -8.9 and -7.2 (0/00 V-PDB) for p3C and between -14.3 and -11.8 (0/00 V PDB) for b1SO (Table 2 of (4) Pyrite (Py) crystals appear as part of the fracture fillings and also as replacement of the host rock. The pyrite typically has cubic shapes and variable sizes (from less than 1 mm to several centimeters). Quartz and chlorite encrust pyrite crystals where they replace the sandstone framework (Fig. 3) . Based on this textural evidence, chlorite postdates pyrite in the fracture fillings. (5) Chlorite (Ch) postdates and locally corrodes FeCI (Fig. 5f ). It displays green colors and coarse fan morphologies (l00-200 [lm). It has a magnesium ferroan composition as has been determined by electron microprobe analysis. (6) Quartz 2 (Q2) postdates at least Q1 and the saddle carbonate (SCar). Q2 fills small fractures that cut the mottled structure of Q1 (Fig. 9) . Thus, a fracturing event is deduced between Q1 and Q2. Q2 bears primary growth fabrics displaying concentric growth zones of luminescent and non-luminescent quartz as well as some sector zoning (Fig. 9 ). (7) Quartz 3 (Q3) cement cuts Q2 and is a non luminescent fracture fill (Fig. 9) . Under conventional petrography, Q2 and Q3 look like a single quartz cement phase (Fig. 5c) Table 2 of electronic supplementary material). (9 ) Non-ferroan calcite (NFeC) has filled the remaining space reduced by FeC2. Because of the small size of this cement «1 mm), no isotopic analyses were performed.
Discussion and interpretation
Thermal events deduced from fracture fillings
First metamorphic event
Petrographic characteristics of cements, rnicrotherrnornetry data from fluid inclusions, and isotopic compositions per mit the reconstruction of the sequence of thermal events during fracture filling of the Tera Group (SAN section): Quartz (Q1) Deduced salinities of Ql are between 5.6 and 7.3 wt% NaCl eq. :Minor amounts of other ions are also likely. CO2 and CH4 are significant components deduced by the clathrate melting events and analyses using Raman microprobe on similar inclusions (lVIantilla-Figueroa 1999 ) .
There are several pieces of evidence to relate these primary fluid inclusions to a hydrothermal process: (A) .6°C) are too high to be burial temperatures. Assuming a geothermal gradient of 30°CIkrn (Blackwell 1971; Waples 1980; Hitchon 1984) , with a surface temperature of 20°C, estimated burial temperature at the maximum burial depth would have been no more than l80°C. (B) The variability of Th data in each particular fluid inclusion assemblage (Table 1 of electronic supple mentary material and Fig. 7) probably is due to natural thermal reequilibration of the fluid inclusions. Outlier values may indicate the most extreme exam ples of thermal reequilibration. Stretching and decrepitation are typical processes of fluid inclusions in metamorphic systems (Goldstein and Reynolds 1994) . Alternatively, necking down after a phase change can lead to a few high values, but there is no petrographic evidence supporting this. (C) The mottled texture of quartz (Ql) in SEM-CL (Fig. 5e ) is interpreted as a recrystallization fabric. The development of this mottled fabric is consistent with the metamorphism interpreted by Casquet et a1. (1992) as Cretaceous in age. Recrystallization fea tures of quartz overgrowths previously have been described by Goldstein and Rossi (2002) in sand stones and in hydrothermal veins (e.g., Rush and Reed 2005; Rush et a1. 2006) .
Saddle carbonate (SCar):
The non-ferroan calcite composition of SCar is very likely a replacement of saddle dolomite or ankerite, because these are the typical minerals that form saddle carbonate (Radke and Matthis 1980 and Spot! and Pitrnan 1998) . The all-liquid primary fluid inclusions support recrystallization at low temperature. Similar ankerite cement has been identified by Benito et al. (2001 Benito et al. ( , 2006 in the underlying Kirnmeridgian limestones, and these authors associated this cement with the Creta ceous hydrothermal metamorphism of the basin followed by low-temperature recrystallization.
Ferroan calcite (Feel): The deduced salinities in the secondary fluid inclusions of FeCI are between 6.01 and 8.14 wt% NaCI eq. (Fig. 8 and Table 3 of electronic sup plementary material). The Th data of secondary fluid inclusions of FeCl in the same range as the primary fluid inclusions described for quartz (Ql), as well as the high variable Th data, point to reequilibration of these second ary fluid inclusions during the Cretaceous metamorphism. In the absence of primary fluid inclusions, stable isotope data are useful in estimating the origin of FeCI. The very negative b 1 8 0 values are best explained by precipitation at high temperature (around 200-400°C), as the FeCI post dates Ql and predates chlorite. In addition, the negative values of b 1 3 C can be interpreted as being inherited from a system in which waters were derived from an overlaying source probably related with subaerial exposure that favoured a localized input of highly l3 C-depleted soil-gas CO2 (Benito et a1. 2001 (Benito et a1. , 2006 .
Pyrite and chlorite: Both the literature and the former established paragenesis suggest that Ql, SCar, FeCI, pyr ite, and chlorite are metamorphic phases related to the Cretaceous hydrothermal event (Alonso-Azcarate et al. 1999; Mata et a1. 2001; Benito et a1. 2001 Benito et a1. , 2006 . The large size of the fan morphologies of chlorite is also evidence of high-temperature growth (Fig. 5f) . Thus, primary fluid inclusions of Ql must be related to this Cretaceous thermal alteration. On the basis of CL petrography, the inclusions appear to have been trapped during recrystallization of the Ql cement. This could indicate that the Cretaceous hydrothermal alteration could have reached temperatures of at least 350-41O°C (maximum Th of primary fluid inclusions to Ql and of secondary fluid inclusions to FeCI).
A IX>st-Cretaceous, second thermal event is interpreted on the basis of radiometric dating (Mantilla-Figueroa et al. 2002) and has been related to the inversion of the basin during the Eocene (Alpine Orogeny). Thus, we have to consider the alternative hypothesis that primary fluid inclusions of Q1 reequilibrated during Eocene heating. In this case, the inclusions would reflect the conditions of the second thermal event. This hypothesis could be supported by similar salinities between fluid inclusions primary to Q1 (5.56-7.31 wt% NaCI eq.) and fluid inclusions secondary to Q2 and Q3 (4.73-8.14 wt% NaCI eq.).
A Cretaceous age is more likely, however, because no consistent PIAs were found in Q1 which exhibits recrys tallized textures. These observations suggest that a thermal maximum may have been reached during the Cretaceous hydrothermalism and that this thermal process was responsible for the reequiHbration of primary inclusions and recrystallization in Ql. (Fig. 11) . Given the second scenario (300°C), the data indicate a gradient of 276°C/km in the lower part and 121°CIkm in the upper part of the section (F ig. 11). This steep and decreasing gradient from the bottom to the top is probably due to a rapid injection of hot fluids into cooler rocks, assodated with hydrothermal processes . The calcu lated values of J l SO of the water are between 6.5 and 13.0 (0/00 V-SMOW) for the proposed temperatures (300 and 200°C, respectively). These are typical values of meta morphic waters (Taylor 1974) . A similarly high geothermal (Mantilla-Figueroa et al. 2002) are in the same range (290°C) as fluid inclusion Th (281.2-30S.2°C). Thus, we consider the Eocene hypothesis more probable. Lower Th PIAs (150-280°C) were probably trapped earlier and the higher Th FIAs (305-380°C) trapped later. The increasing temperatures would cause thermal reequilibration of lower temperature fluid inclusions.
Later processes
Ferroan and non-ferroan calcite (Fee2 and NFeC): Last fracture fillings are probably related to the alpine con traction influx of meteoric waters. Meteoric waters are also responsible for the calcitization of the saddle dolomite or ankerite. Evidence of recrystallization due to meteoric water is:
(1) All-liquid fluid inclusions entrapped during recrystal lization indicate that the calcitization process proba bly was below about 50°C following Goldstein and Reynolds' (1994) The very similar isotopic values for SCar 1 and SCar2 (Table 2 of electronic supplementary material) indicate that they were probably recrystallized by a similar low-tem perature meteoric fluid. Figure 12 resumes the diagenetic and metamorphic evolution of a hypothetical sandstone sample of the Tera Group in SAN section in relation to the basin development.
Difference between fracture fills and host rock Evidence for a lack of equilibrium between the host rock and the high temperatures in fracture fillings is important in constraining the thermal alteration as hydrothermal. The lack of equilibrium indicates that hot fluids were focused along fractures. Minimum fluid inclusion-based tempera tures in fractures reached 400°C, whereas the X-ray dif fraction data from lutites in the host rock point to lower temperatures (anchizone-epizone boundary: Mantilla Figueroa 1999; Barrenechea et a1. 2001) . This difference is probably related to the low permeability of the host rock at the moment of the Cretaceous hydrothermal alteration, and focus of fluids along fractures, leading to different thermal histories in host rock versus fractures, or short-lived fluid flow that did not allow equilibration of the host rock.
Quartz diagenesis in the host rock
The ESP section preserves a record of sandstone diagenesis in an area lacking evidence for major hydrothermal alter ation. Clathrates have not been detected, indicating lower gas contents than fluid inclusions measured from the SAN area. Fluid inclusions in the syntaxial quartz overgrowths indicate precipitation during progressive burial from high salinity fluids generating the following sequence:
(1) Bright luminescent quartz overgrowth (see number 1
in Fig. 4c ) interpreted as a pseudomorphic replace ment of chalcedony or some less stable silica precursor based on its relict fibrous texture (e.g. Goldstein and Rossi 2002) . Assuming a geothermal gradient of 30°CIkrn, Th of this cement implies the burial depths of at least 3,100-3,300 rn, consistent with a late Barremian-early Aptian age or later, based on the reconstructions of Mas et a1. (2002 Mas et a1. ( , 2003 . Salinities from Tm ice measurements are between 14.3 and 14.6 wt% NaCI eq. (Table 5 of electronic supplementary material). (2) Non-luminescent quartz overgrowth (see number 2 in Fig. 4c and d, Table 5 of electronic supplementary material) suggests by its Th a burial depth of at least 3,400-3,600 rn, consistent with a late Aptian-early Albian age or later, based on the reconstructions of Mas et a1. (2002 Mas et a1. ( , 2003 . Thus, syntaxial quartz overgrowths (1) and (2) are most easily interpreted as predating Cretaceous thermal alteration (late Albian-Coniacian). Salinities from Tm ice measure ments of phase 2 PIAs are between 15.8 and 16.2 wt% NaCI eq. (3) Banded luminescent quartz cement (see number 3 in Fig. 4d ) is probably related to a deeper burial than the FIAs of stage 2, because it postdates quartz cement phases (1) and (2) and has higher Th. Salinities from Tm ice measurements are between 11.5 and 12.1 wt% NaCI eq.
Temperature data from ESP syntaxial cements probably predate temperature data from fracture fillings at SAN, because fracture fillings cut quartz syntaxial overgrowths. The influence of major hydrothermal processes has not been recorded at ESP, as pointed out by the illite crystal linity (diagenetic field, Gonzalez-Acebr6n 2009 ) and fluid inclusion microthermometry. As far as the lithologies and age of the host rocks are equivalent in both sections, this (2) Evidence of quartz recrystallization has been found using SEM-CL in syntaxial overgrowths and fracture fillings, related to very low-grade to low-grade metamorphism. They include fibrous textures from a less stable silica precursor, mottled texture, and reequilibrated Th from fluid inclusions. At least three different quartz fracture fillings separated by two fracturing events have been recognized in the same fracture using SEM-CL. Despite recrystallization and multiple events of quartz precipitation, aspects of thermal history in these metamorphic systems can be discriminated. (3) Stable isotopic data are used to show that a steep geothermal gradient of 153-276°CIkrn in the lower stratigraphic intervals decreased upward to 72-121°CIkrn in the upper stratigraphic intervals. Such abnormal gradients are one hallmark of hydro thermal fluid flow, and changes in gradient can help to delineate pathways of fluid flow. (4) One Cretaceous as well as one Eocene event of hydrothermal alteration can be discriminated on the basis of radiometric dating, petrographic relationships, and fluid inclusion data. This approach for discrimi nating between different thermal events has wide spread applicability in systems where timing and origin of multiple thermal events are normally not routinely discriminated. Our research should encourage other researchers that this discrimination is possible. (5) High paleotemperatures in fracture fillings in the Tera Group are out of equilibrium with host rock (illite crystallinity data). These differences are probably due to the low permeability of the host-rock and short term hydrothermal fluid flow through fractures. This lack of equilibrium between fracture-fill paleotem peratures and host-rock paleotemperatures is strong evidence of hydrothermal alteration and preferential focus of fluids through fractures. Similar comparisons can be made elsewhere, in other metamorphic systems, to discriminate between hydrothermal and other forms of heating.
